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ABSTRACT
Background/Objective:  Plant-based diets reduce the risk of cardiovascular disease but also 
increase the risk of certain micronutrient deficiencies, particularly, of vitamin B12 (B12). The extent 
to which the unsupervised use of oral nutrient supplements is sufficient to prevent these 
deficiencies is not well established. We analyzed nutrient intake, laboratory biomarkers, 
supplementation behavior, and B12 status adequacy amongst young, healthy, physically active 
omnivores, lacto-ovo-vegetarians and vegans from Germany.
Methods: We recruited 115 participants (n = 40 omnivores; n = 37 lacto-ovo-vegetarians, and n = 38 
vegans) with comparable age, sex, marital status, physical activity and educational levels through 
online advertisements and local newspapers in Freiburg, Germany.
Results:  Energy intake and macronutrient distribution were comparable across diets. Major 
differences included intake of fiber, cholesterol, and several vitamins. Vegans had the lowest 
intake of B12 from foods (0.43 (0.58) µg/d), compared to omnivores (2.14 (2.29) µg/d) and 
lacto-ovo-vegetarians (0.98 (1.34) µg/day). Multivariate analysis of 36 blood biomarkers revealed 
that three major classes of biomarkers contributed the most to the clustering of individuals by 
dietary group, namely, biomarkers of B12 status (B12, holoTC, Hcy), iron (iron, ferritin, transferrin) 
and lipid metabolism (vitamin A, HDL, LDL, total cholesterol, TAG). This suggests that nutrients 
that modify the metabolic pathways represented by these biomarkers have the most penetrating 
effect on health status across diets. Analysis of B12 status (including 4cB12) revealed adequacy in 
omnivores and vegans, and a poorer B12 status amongst lacto-ovo-vegetarians. Fewer lacto-ovo-
vegetarians used B12 supplements compared to vegans (51% versus 90%).
Conclusions:  Even amongst homogeneously healthy Germans, each diet manifested with 
measurable differences in dietary intakes and biomarkers of health. Plant-based diets, in particular 
the vegan diet, exhibited the most favorable patterns of lipid metabolism and glycemic control, but 
the lowest food intake of B12. Supplementation of healthy vegans with B12 (median 250 µg B12/
day, over 2 years) secured an adequate B12 status that was comparable to that of healthy omnivores.

Clinical Trial Registry: German Clinical Trial register number: DRKS00027425

KEY MESSAGES
•	 Plant-based diets, in particular the vegan diet, exhibited the most favorable patterns of lipid 

metabolism and glycemic control, but the lowest food intake of B12.
•	 Analysis of B12 status (including 4cB12) revealed adequacy in omnivores and vegans, and a 

poorer B12 status amongst lacto-ovo-vegetarians.
•	 Supplementation with B12 (median 250 µg B12/day, over 1 year) in healthy physically-active 

vegans secured an adequate B12 status that was comparable to that of healthy omnivores.
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Introduction

Within the last 20 years, plant-based nutrition has 
received increasing interest for its potential benefits to 
human and environmental health [1,2]. The umbrella 
term ‘plant-based’ describes a wide spectrum of differ-
ent dietary patterns, which all center around a regular 
intake of plant products, emphasizing fruits, vegeta-
bles, wholegrains, legumes, nuts and seeds [3,4]. 
Among plant-based diets, vegetarian diets (which 
include dairy products and eggs but exclude fish and 
meat) and vegan diets (which exclude all animal prod-
ucts) enjoy uninterrupted popularity [5].

Both diets have been associated with various health 
benefits, including a reduced risk of diabetes, ischemic 
heart disease, and cancer [6–8]. Poorly designed, hypo-
caloric and non-diversified plant-based diets, however, 
bear the risk for severe macro- and micronutrient defi-
ciencies [9,10].

In this context, vitamin B12 is a frequently discussed 
micronutrient of concern in vegetarians and vegans 
[11–13]. While vitamin B12 deficiency has traditionally 
been reported to occur more frequently with both 
diets [11], newer studies suggest that the plant-based 
community has adopted its supplementation habits, 
and pays increasing attention to meet vitamin B12 
intake recommendation [14,15]. In two recent inde-
pendent German studies, 88% and 91% of the respec-
tive participants supplemented vitamin B12 [14,15].

Notably, there are several other nutrients of concern 
in vegans and vegetarians, including calcium, iodine, 
zinc, eicosapentaenoic acid (EPA), docosahexaenoic 
acid (DHA) and iron [16–20].

Studies that quantitatively assess nutritional status 
in adult vegans and vegetarians in German-speaking 
countries are rare [21–24], and often challenged by 
heterogeneous health status across diets, broad age 
ranges wherein age-related malabsorption becomes a 
confounder, especially in the assessment of vitamin 
B12 status, a lack of laboratory measurements, and no 
or only qualitative nutrient supplementation record-
ings. As a result, many questions with regard to micro- 
and macronutrient status in German vegetarians and 
vegans remain unanswered.

To bridge this gap in knowledge, we conducted an 
unsupervised cross-sectional study in Freiburg, 
Southern Germany to compare the nutritional status 
of healthy, free-living individuals that consumed either 
an omnivorous, a lacto-ovo-vegetarian or a vegan diet 
for at least two years. While the major focus of the 
study was vitamin B12 metabolism, a micronutrient 
only synthesized by a small group of bacteria and 
archaea and scarce to non-existent in unfortified 

plant-based diets [25], other nutrients known to exist 
in reduced quantities in plant-based diets were also 
investigated.

Materials and methods

Our cross-sectional study was performed between 
December 2021 and May 2022. Sixty-six percent of 
participants were recruited between March and May 
2022. The trial was approved by the ethical committee 
of the University Medical Center of Freiburg, Germany 
(EK Freiburg 21-1442) before onset and registered at 
the German Clinical Trial register (DRKS00027425). We 
performed the study in accordance with the declara-
tion of Helsinki and the most recent ICH guidelines 
(International Conference on Harmonization) for good 
clinical practice. Data was handled with strict confi-
dentiality, and all participants gave written and oral 
consent before participation.

Course of the study

We advertised for the study in two local newspapers 
and various social media platforms (including Facebook 
and WhatsApp). Persons who expressed interest in par-
ticipating in the study were recruited in a 3-step-pro-
cess. In a first step, we screened interested individuals 
by phone. Potentially eligible individuals were then 
invited in a second step for a personal interview, and 
for a detailed assessment of inclusion and exclusion 
criteria at our institution (see below). Eligible individu-
als that provided written consent were subsequently 
invited for a third appointment, where biosampling 
took place. Participants received no financial incentive 
for study participation but were provided with the 
results of the dietary records and laboratory analyses 
upon request.

Inclusion and exclusion criteria

Healthy individuals aged 18 years or older were eligible 
for the study. Potential participants had to be profi-
cient in German and willing to complete weighed food 
diaries on 4 different days. As per the study protocol, 
only individuals that indicated strict long-term dietary 
adherence (longer than 24 months) to either a vegetar-
ian, a vegan or an omnivorous diet without interrup-
tions were considered eligible.

The study targeted healthy, free-living individuals. 
In accordance with recommendations of the World 
Health Organization (WHO) [26], individuals with a 
Body Mass Index (BMI) <18.6 (underweight) or >29.9 
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(obesity) kg/m2 were not allowed to participate. We 
also excluded individuals with acute and chronic ill-
nesses, such as diabetes, thyroid disease or celiac dis-
ease. Pregnant women and lactating women were 
excluded, as well. In addition, we excluded individuals 
with (self-reported) eating disorders, individuals that 
participated in another clinical trial in the last 4 weeks 
or donated blood in the last 6 weeks. Self-reported 
smokers or regular alcohol consumers (>30 g/day) were 
denied participation. Finally, we carefully assessed reg-
ular medication and excluded all individuals taking 
preparations that potentially interfered with vitamin 
B12 metabolism (including but not limited to proton 
pump inhibitors and antacids).

Demographic and anthropometric assessment

A study-specific paper-based questionnaire in the 
German language was used to capture sociodemo-
graphic data, including sex, age upon study participa-
tion, marital status, race/ethnicity, educational 
achievement, and occupation as well as employ-
ment status.

Participants were measured without shoes, wearing 
light clothes, and with empty pockets using a cali-
brated digital scale and a portable stadiometer. Height 
and weight were measured to the nearest 1 cm and 
half-kilogram, respectively (one measure).

Dietary assessment

We estimated dietary intake based on a four-day 
weighed food diary, similar to a 2015 study in a Danish 
population [27]. All foods were quantified to the near-
est 0.1 g using calibrated precision scales (ProScale 
XC-2000, HBI Europe, Erkelenz, Germany or Wedo 
Elektronische Universalwaage Optimo 5000, Dieburg, 
Germany). Scales were provided for each participant.

All participants received detailed instructions in 
filling in the food diaries by qualified medical per-
sonnel. We instructed all participants to document 
the following information for all foodstuffs and bev-
erages: time and place of consumption, brand name, 
exact product name, packaging details, condition at 
the time of purchase, organic produce status, 
weighed quantity and remaining quantity. When 
exact weighing was impossible (e.g. in the case of 
eating out in a restaurant or bar), semi-quantitative 
household recording with measures (e.g. cups, 
spoons) was allowed following an established 
approach by Alexy et  al. [14]. We did not consider 
nutritional supplements for nutrient intake 

calculation in this analysis and instead focused on 
nutrient intake from foods.

The food diary comprised two working days and 
two weekend days. Average daily intake (ADI) of 
macro- and micronutrients was estimated as follows:

	 ADI
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We evaluated all nutritional protocols using 
NutriGuide® plus software (Version 4.9, Nutri-Science 
GmbH, Hausach, Germany). Based on Willett’s criteria, 
we considered only nutritional protocols with a plausi-
ble energy intake (≥800 kcal/d) for the present study 
[28]. The data was entered and analyzed blinded for 
diet assignation by two independent individuals.

Social status assessment

Subjective social status was measured with the German 
version of the MacArthur Scale of Subjective Social 
Status (MASSS) [29]. The MASSS is a pictorial represen-
tation that uses a symbolic ladder developed to cap-
ture the common sense of social status based on usual 
socioeconomic status indicators [30]. It is a single-item 
measure that assesses a person’s perceived rank rela-
tive to others in their group [31].

Supplement assessment

All participants were instructed to bring their dietary 
supplements on the day of examination or biosam-
pling. On such days, every supplement was docu-
mented with the exact daily dose. We inquired about 
all supplements taken within the last 12 months. We 
also registered whether participants took multivitamin 
supplements (defined here as a supplement that 
includes more than 2 different nutrients/vitamins). In 
several instances, participants supplemented a specific 
nutrient with more than one supplement. This was 
often the case with vitamin B12, where many partici-
pants took a B12 supplement and an additional multi-
vitamin supplement that also included smaller amounts 
of B12. In such cases, we calculated an average daily 
intake for the provided supplementation period.

Physical activity assessment

We assessed physical activity with the long form of 
the International Physical Activity Questionnaire (IPAQ) 
[32]. The IPAQ is a validated instrument designed for 
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population surveillance of physical activity among 
adults aged 15–69 years. It is a frequently used tool in 
population research with excellent test-retest reliability 
for the overall score [33]. Strong positive relationships 
were observed between IPAQ data and activity moni-
tor data for total physical activity and vigorous activity 
[34]. Physical activity data collected with the IPAQ was 
reported as a continuous measure (in median Metabolic 
Equivalent minutes (MET-minutes)). MET minutes rep-
resent the amount of energy expended carrying out 
physical activity. We strictly followed the revised guide-
lines for data processing and analysis of the IPAQ 
(except for the truncation process in light of our very 
active cohort). We weighted each type of activity by 
its energy requirements defined in METs to yield a 
score in MET–minutes. METs are multiples of the rest-
ing metabolic rate. A MET-minute was computed by 
multiplying the MET score of an activity by the min-
utes performed and total MET-scores were computed 
based on the sum of all activities.

Biomaterial acquisition and processing

Blood was taken by venipuncture between 7:45 am 
and 10:30 am. Prior to that, participants were instructed 
to fast overnight for at least 10 h. We obtained 200 mL 
of blood, 10 mL of urine and at least six grams of stool 
from all study participants. All tubes and cryovials for 
serum, urine and stool were labeled without informa-
tion about the participant’s diet.

Serum from each participant was collected and ali-
quoted in six separate 1.5-mL cryovials and stored at 
−80 °C until measurement or transportation to external 
laboratories. We aliquoted urine samples in eight 1 mL 
cryovials and froze them immediately at −80 °C until 
measurement or transportation to external laborato-
ries. Dry ice was used for all sample transports to 
external laboratories. All methods were previously 
established and validated.

Laboratory analyses

Measurement of a differential blood count, a lipid panel 
(including cholesterol, high density lipoprotein choles-
terol (HDL-C), low density lipoprotein cholesterol 
(LDL-C) and triglycerides), HbA1c, vitamin B12, 
holo-transcobalamin (holo-TC), creatinine, (highly sensi-
tive) C-reactive protein, ferritin, a thyroid panel and 
liver enzymes was performed by the accredited Central 
Laboratory of the University Medical Center of Freiburg 
(Institute of Clinical Chemistry and Laboratory Medicine, 
Medical Centre – University of Freiburg, Hugstetter Str. 
55, 79106 Freiburg im Breisgau, Germany).

Vitamins A, B1, B2, B6, E, and K were measured 
using High-Performance Liquid Chromatography 
(HPLC) at the accredited laboratory MVZ Clotten Labor 
Dr. Haas, Dr. Raif & Kollegen GbR (Merzhauser Str. 112, 
79100 Freiburg im Breisgau, Germany). Selenium was 
measured in the certified routine laboratory Limbach 
(Limbach Analytics GmbH Labor, Edwin-Reis-Straße 
6-10, 68229 Mannheim, Germany) using EDTA-plasma. 
Homocysteine (Hcy) and methylmalonic acid (MMA) 
were determined in EDTA-plasma by liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS) in the 
Laboratory of Clinical Biochemistry and Metabolism, 
Center for Pediatrics and Adolescent Medicine, Medical 
Center, University of Freiburg. Supplementary Table 1 
gives an overview of the methods used to determine 
biochemical parameters obtained in this study.

Assessment of vitamin B12 status

Vitamin B12 status was assessed by the measurement 
of its four biomarkers in plasma, namely, vitamin B12, 
holotranscobalamin (holoTC), homocysteine (Hcy) and 
methylmalonic acid (MMA) [35]. In addition, we calcu-
lated the combined indicator of vitamin B12 status 
(4cB12, cB12 index), which accounts for the four bio-
markers of vitamin B12 status, age and folate concen-
tration in plasma [36]. The equation of the cB12 index 
is as follows:
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The reference ranges utilized in this study have 
been employed worldwide and reviewed elsewhere 
[35,37]: Hcy: 5-15 µM; MMA: < 0.260 µM; holoTC: < 
35 pM, and vitamin B12: <149 pM deficiency; 
149-250 pM subclinical deficiency; and >250 pM normal.

Statistical analyses

Descriptive analysis
The minimum sample size for the primary outcome of 
this study (cB12-index) was estimated using G*Power 
software. Considering a statistical power of 80%, a 
hypothesized large effect size, and main effect of 
group (omnivorous, lacto-ovo-vegetarians and vegans) 
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with blocking factors of biological sex (female, male), 
BMI (normal, overweight), vitamin B12 supplementa-
tion (yes, no) and level of physical activity (low, 
medium and high), it was calculated that a minimum 
of 84 participants (28 per group) would be required to 
detect differences between groups at a statistical sig-
nificant level of p < .05. We used histograms, box plots, 
and subgroup summary statistics to check for fre-
quency distribution and normality of each variable 
before starting our analysis. In addition, we employed 
Stata’s Shapiro-Francia-Test to check for normal dis
tribution of data. We described normally distributed 
variables with its mean ± standard deviation and 
non-normal distributed variables with its median 
(interquartile range). For the intergroup comparisons, 
we used parametric and non-parametric tests as appli-
cable. When comparing not-normally distributed con-
tinuous variables, we used Kruskal–Wallis H test to 
determine if there were statistically significant differ-
ences between the 3 groups in the independent vari-
ables of interest. For normally distributed data, we 
used one-way analysis of variance to determine 
whether the mean of the dependent variable of inter-
est was the same in the 3 groups. For comparisons of 
categorical variables, we used the chi-square test of 
association where applicable. Statistical significance 
was determined at α = 0.05. All descriptive analyses 
were performed with STATA 14 statistical software 
(StataCorp. 2015. Stata Statistical Software: Release 14. 
College Station, TX: StataCorp LP).

Multivariate analysis
A selected set of plasma laboratory biomarkers of 
widespread routine clinical use (see list in 
Supplementary Table 2) were subjected to multivariate 
analysis to investigate differences in the profile of par-
ticipants undergoing the three different diets. For this 
analysis, participants 37 and 45 were removed due to 
missing values in vitamin A. Participants 69, 86 and 
101 were removed due to missing values in most of 
the lab measurements.

As such, we performed probabilistic principal com-
ponent analysis (PPCA) on a total of 36 laboratory 
markers [38]. Permutational multivariate analysis of 
variance (PERMANOVA) [39] was applied on the 
selected principal components (selected by maximiz-
ing the model’s Bayesian information criteria, BIC) to 
investigate the main effects of Diet (three levels, 
Omnivorous, Vegetarian and Vegan) and Sex (two lev-
els, female and male) and their interactions on the lab-
oratory measurement profile. If any effect was 
observed, post hoc tests with FDR adjustments were 

performed. Including age, BMI or age and BMI as 
covariates did not improve the model (Supplementary 
data, Figure S1), hence the model was established 
without these as covariates. For visualization, we per-
formed nonmetric dimensional scaling (NMDS) [39]. 
The statistical threshold for significance was set to 
alpha = 0.05. All multivariate analyses were carried out 
with R [40].

Results

The final study sample comprised n = 115 participants, 
of which n = 40 were omnivores, n = 37 were 
lacto-ovo-vegetarians and n = 38 were vegans. Figure 1 
displays the participant inclusion flow-chart for this 
study. A greater participation of females over males 
was seen in all dietary groups.

Study population characteristics

Sociodemographic and anthropometric sample charac-
teristics are shown in Table 1.

The 3 dietary groups did not differ significantly with 
regard to sex distribution, marital status, educational 
level, and race/ethnicity. Notably, the percentage of 
female participants tended to be higher in the 
lacto-ovo-vegetarian group as compared to the other 
groups. Anthropometric data did not reveal any statis-
tically significant differences. Dietary adherence to the 
respective diet was longest in the omnivorous group 
(life-long) and differed significantly from the other 
groups (p <.001).

The number of participants intentionally consum-
ing fortified foods also varied between groups and 
ranged from 12.5% in the omnivorous group to 21.1% 
in the vegan group. Fortified plant-based milk substi-
tutes were the most commonly reported fortified food 
(n = 5 mentions in the omnivorous and lacto-ovo-veg-
etarian group, n = 8 mentions in the vegan group), fol-
lowed by fortified salts (n = 2 mentions in the vegan 
group) and specially fortified tofu products (n = 1 in 
the lacto-ovo-vegetarian group). Results from the  
IPAQ showed that participants were physically active 
in all dietary groups. According to MET-categorization, 
87.5% of omnivores, 86.5% of lacto-ovo-vegetarians 
and 81.6% of vegans had a high level of physical 
activity.

Nutrient intake

Table 2 displays nutrient intake in the 3 dietary groups 
based on the four-day weighed food diaries.

https://doi.org/10.1080/07853890.2023.2269969
https://doi.org/10.1080/07853890.2023.2269969
https://doi.org/10.1080/07853890.2023.2269969
https://doi.org/10.1080/07853890.2023.2269969
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We observed no significant intergroup differences 
with regard to median total energy intake and macro-
nutrient distribution. Fiber and cholesterol intake dif-
fered significantly between groups (p = .001 and 
p < .001, respectively). Vegans had the highest fiber 
intake (median: 33.61 (19.54)) and the lowest choles-
terol intake (median: 17.75 (49.40)). Saturated fatty 
acid (SFA) intake also differed significantly between 
groups (p < .001); yet there were no differences in the 
intakes of polyunsaturated fatty acids. Vitamin C and E 
intake were highest in vegans whereas Vitamin D and 
A were highest in omnivores. As expected, Vitamin B12 
intake was highest in omnivores and lowest in vegans. 
Statistically significant differences were also found for 
folic acid and iodines intake across the 3 dietary groups.

Nutrient intake in comparison to the dietary recom-
mendations published by the Societies for Nutrition in 
Germany (DGE), Austria (Österreichische Gesellschaft 
für Ernährung, ÖGE) and Switzerland (Schweizerische 
Gesellschaft für Ernährung, SGE), the so-called D-A-CH 

(D—Deutschland, Germany), A—Austria, CH—
Confederation Helvetica, Switzerland) recommenda-
tions [41], is shown in Supplementary Tables 3–5, 
which also includes a color-coded trend analysis.

Supplementation behavior

Table 3 shows supplement intake in our cohort.
There were no significant differences in supplement 

intake between the 3 dietary groups when dichoto-
mizing (yes/no) by supplement use. A total of 77.5–
86.8% of participants took supplements in each group, 
with a slightly higher tendency in vegans. Multivitamin 
intake was highest in vegans. The number of partici-
pants supplementing vitamin B12 was highest in veg-
ans (89.5%), as well. Vegans took vitamin B12 on a 
daily basis (median) with a median dosage of 250 μg. 
Significant differences in supplement intakes were also 
observed with regard to iron, iodine, selenium, vitamin 
A and calcium. Supplementation of all 5 nutrients 

Figure 1. F low diagram of eligibility criteria of the present study. A total of 40 omnivores, 37 lacto-ovo-vegetarians and 38 vegans 
were enrolled in the study. The resulting cohort was comprised of three dietary groups with comparable age, sex, marital status, 
educational level, and ethnicity.

https://doi.org/10.1080/07853890.2023.2269969
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occurred significantly more frequently in vegans who 
supplemented these nutrients on a daily basis (median). 
Vitamin C supplementation tended to be more fre-
quent in omnivores, although the difference was not 
statistically significant. EPA supplementation also 
occurred more frequently in vegans whereas no differ-
ences were found with regard to DHA intake.

Laboratory values

Table 4 shows the results from the obtained laboratory 
values for each group.

No significant intergroup differences were observed 
with regard to white and red blood cell count, platelet 
count and hemoglobin levels. Vegans exhibited a sig-
nificantly lower lymphocyte count than lacto-ovo-veg-
etarians and omnivores (p = .018). Vegans also had 
significantly lower HbA1c levels compared to omni-
vores (ΔHbA1c: −0.18%).

Lacto-ovo-vegetarians had the lowest vitamin B12 
values, while vegans yielded the highest levels 
(p = .023). A comparable distribution was found with 
regard to holotranscobalamin II (p = .001). Significant 

intergroup differences were found with regard to vita-
min E and vitamin K2 (p = .02 and .012, respectively). 
While high-density lipoprotein and triglyceride levels 
did not differ between groups, we found substantially 
lower low-density lipoprotein levels in vegans as com-
pared to the other groups (p = .01). Omnivores had the 
highest levels of selenium, followed by lacto-ovo-veg-
etarians (p = .007). Uric acid levels were highest in veg-
ans, followed by omnivores and lacto-ovo-vegetarians.

Multivariate analysis of plasma biomarkers

We selected a total of 36 plasma biomarkers that 
report on nutrient status, lipid, carbohydrate and pro-
tein metabolism, liver enzymes, renal and thyroid func-
tion and inflammation (Supplementary Table 2). To 
compare the profile of plasma biomarkers amongst 
the three dietary groups, a subset of 36 plasma bio-
markers was subjected to PPCA. The PPCA model with 
the maximum BIC resulted in 25 principal components 
(Supplementary data, Figure S2). The loadings that 
were significantly different from zero and were larger 
than a pre-set cut off (following the suggestions by 

Table 1. S ociodemographic and anthropometric data of study participants by dietary group.

Omnivores (n = 40)
Lacto-Ovo-Vegetarians 

(n = 37) Vegans (n = 38) p-value

Age (years) 30.5 (10.5) 27 (9) 27.5 (11) .683c

Sex 546b

  Male n = 16 (40%) n = 12 (32.43%) n = 17 (44.74%)
 F emale n = 24 (60%) n = 25 (67.57%) n = 21 (55.26%)
Marital status .620b

 S ingle n = 29 (72.5%) n = 30 (81.08%) n = 28 (73.68%)
  Married n = 9 (22.5%) n = 7 (18.92%) n = 10 (26.32%)
 D ivorced n = 1 (2.5%) n = 0 (0%) n = 0 (0%)
 O ther n = 1 (2.5%) n = 0 (0%) n = 0 (0%)
Race/ethnicity .360b

 C aucasian n = 40 (100%) n = 40 (100%) n = 37 (97.37%)
  Turk n = 0 (0%) n = 0 (0%) n = 1 (2.63%)
Height (cm) 172 (11) 173 (10) 175 (13) .849c

Weight (kg) 69 (20) 64 (10) 70 (16) .207c

Body Mass Index (kg/m²) 22.91 (4.99) 21.61 (2.30) 22.59 (3.84) .078c

Dietary adherence (months) 336 (162) 70 (168) 48 (51) <.001c

Educational level .985b

 S econdary school n = 4 (10%) n = 3 (8.11%) n = 4 (10.53%)
  German Abitur n = 19 (47.5%) n = 17 (45.95%) n = 16 (42.11%)
  University degree n = 17 (42.5%) n = 17 (45.95%) n = 18 (47.37%)
MacArthur Scale of Subjective Social 

Status
6.38 ± 0.21 6.54 ± 0.20 6.32 ± 0.25a .799c

Fortified food consumption .681b

 N o n = 34 (85%) n = 32 (86.49%) n = 29 (76.32%)
  Yes n = 5 (12.5%) n = 5 (13.51%) n = 8 (21.05%)
 N ot sure n = 1 (2.5%) n = 0 (0%) n = 1 (2.63%)
Physical activity (MET-minutes) 4513.5 (4934.5) 5116 (4678) 4129.5 (2845.5) .239c

MET-Category .985b

 L ow n = 1 (2.5%) n = 0 (0%) n = 1 (2.63%)
  Moderate n = 4 (10%) n = 5 (13.51%) n = 6 (15.79%)
  High n = 35 (87.5%) n = 32 (86.49%) n = 31 (81.58%)

Normally distributed data is shown with its mean ± standard deviation; not normally distributed data is shown with its median and IQR in parenthesis.
aBased on 37 observations.
bBased on Stata’s Chi-Square Test of independence.
cBased on Kruskal–Wallis H test. Metabolic Equivalents (MET) minutes represent the amount of energy expended carrying out physical activity.

https://doi.org/10.1080/07853890.2023.2269969
https://doi.org/10.1080/07853890.2023.2269969
https://doi.org/10.1080/07853890.2023.2269969
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Nyamundanda and colleagues [38], Supplementary 
data, Figure S3) are presented in Figure 2(A). These 
laboratory measures contributed the most to explain-
ing the variance in the PPCA. Biomarkers of vitamin 
B12 (vitamin B12, holoTC, Hcy), iron (iron, ferritin, 
transferrin) and lipid metabolism (vitamin A, HDL, LDL, 
total cholesterol, TAG) statuses had the most promi-
nent contribution. Liver enzymes GOT and GPT as well 
as vitamin E also contributed to the metabolic differ-
ences between the dietary groups represented in 
plasma. Univariate analysis of these laboratory bio-
markers is presented in Table 3. The overall metabolic 
differences that could be captured in plasma are visu-
alized in 3-dimensional nonmetric dimension scaling 
analysis (NMDS) plots separated in three 2-dimensional 
plots (Figure 2(B)). The plasmatic metabolic compart-
ment differed amongst dietary groups as well as 
between sexes.

The PERMANOVA result on the resulting 25 princi-
pal components are presented in Table 5. Significant 
effects were observed for Diet (F = 22.69, p-value = .01) 
and Sex (F = 32.04, p-value = .006), without a significant 
interaction effect (F = 0.95, p-value = .44). Post hoc  
test on the levels of Diet revealed significant dif
ferences between omnivorous and vegetarian diets 

(p-value = .036) and between vegetarian and vegan 
diets (p-value = .034), but there were not significant dif-
ferences between omnivorous and vegan diets 
(p-value = .153).

Vitamin B12 status

The assessment of vitamin B12 status requires the use 
of at least two of the four available biomarkers, namely, 
Hcy, MMA, holo-TC and vitamin B12 [35]. Boxplots for 
the four biomarkers of vitamin B12 status for the three 
dietary groups are provided in Figure 3. Statistically 
significant differences were identified for vitamin B12, 
holoTC and MMA, but not for Hcy. HoloTC concentra-
tions were the lowest in the lacto-ovo-vegetarian 
group, and statistically different from that of omni-
vores and vegans. No differences in holoTC were iden-
tified between omnivores and vegans. Examination of 
the cB12 index retrieved statistically significant differ-
ences between dietary groups, wherein lacto-ovo-veg-
etarians displayed the poorest cB12 index (Figure 4). 
No differences in the cB12 index were found between 
omnivores and vegans (Figure 4). The majority of par-
ticipants in all dietary groups exhibited a cB12 index 
consistent with an adequate vitamin B12 status. The 

Table 2. N utrient intake data of study participants by dietary group.

Omnivores (n = 40)
Lacto-Ovo-Vegetarians 

(n = 37) Vegans (n = 38) p-value

Energy intake (kcal/d) 1995.14 (938.71) 2085.86 (692.42) 2068.29 (881.86) 0.819a

Carbohydrate intake (g/d) 242.71 (101.94) 241.75 (122.73) 256.48 (140.863) 0.193a

Protein intake (g/d) 73.66 (45.43) 65.88 (22.80) 62.33 (39.64) 0.297a

Fat intake (g/d) 81.39 (49.26) 75.85 (35.77) 83.92 (31.58) 0.981a

Fiber intake (g/d) 24.21 (20.14) 31.2 (14.75) 33.61 (19.54) 0.001a

Alcohol intake (g/d) 0.062 (4.95) 0.08 (2.82) 0.028 (2.76) 0.891a

Cholesterol intake (mg/d) 177.93 (224.77) 70.85 (154.58) 17.75 (49.40) <0.001a

Uric acid intake (mg/d) 257.65 (134.37) 234.56 (104.29) 259.72 (191.70) 0.451a

Polyunsaturated fatty acid intake (g/d) 10.20 (10.91) 10.42 (12.2) 13.10 (11.231) 0.194a

Monounsaturated fatty acid intake (g/d) 21.90 (17.66) 18.51 (14.81) 18.39 (13.74) 0.320a

Saturated fatty acid intake (g/d) 31.97 (18.71) 23.00 (14.33) 18.55 (9.61) <0.001a

Sodium intake (mg/d) 2102.30 (1174.06) 1846.57 (722.31) 2257.65 (1199.241) 0.087a

Potassium intake (mg/d) 2079.19 (1642.59) 2090.95 (689.273) 2549.37 (1114.57) 0.077a

Calcium intake (mg/d) 541.24 (448.97) 571.70 (370.56) 475.38 (198.13) 0.259a

Phosphorus intake (mg/d) 788.27 (489.44) 798.65 (400.25) 664.14 (529.19) 0.288a

Magnesium intake (mg/d) 246.76 (177.96) 270.62 (180.05) 312.96 (169.47) 0.053a

Iron intake (mg/d) 7.83 (4.45) 9.22 (4.24) 10.39 (5.87) 0.142a

Vitamin A intake (mg/d) 0.29 (0.30) 0.23 (0.22) 0.07 (0.08) <0.001a

Vitamin C intake (mg/d) 103.21 (67.19) 139.94 (93.96) 172.41 (132.71) <0.001a

Vitamin D intake (μg/d) 2.07 (3) 1.24 (1.37) 0.92 (0.97) <0.001a

Vitamin E intake (mg/d) 9.74 (9.80) 10.90 (11.64) 13.39 (10.26) <0.001a

Vitamin B1 intake (mg/d) 0.66 (0.56) 0.84 (0.63) 1.02 (1.05) 0.059a

Vitamin B2 intake (mg/d) 0.81 (0.54) 0.77 (0.38) 0.86 (0.38) 0.680a

Niacin intake (niacin equivalents, μg/d) 18,448.72 (12511.15) 14,047.95 (5471.74) 13993.22 (6421.36) 0.047a

Vitamin B6 intake (mg/d) 1.30 ± 0.58 1.24 ± 0.48 1.54 ± 0.61 0.046b

Vitamin B12 intake (μg/d) 2.14 (2.29) 0.98 (1.34) 0.43 (0.58) <0.001a

Folic acid intake (μg/d) 224.39 (138.74) 241.92 (114.62) 287.76 (149.34) 0.025a

Zinc intake (mg/d) 6.41 (4.30) 6.37 (2.92) 5.33 (3.61) 0.727a

Iodine intake (μg/d) 54.03 (39.71) 38.14 (33.74) 37.88 (20.18) 0.030a

Normally distributed data is shown with its mean ± standard deviation; not normally distributed data is shown with its median and IQR in parenthesis.
aBased on Kruskal–Wallis H test.
bBased on analysis of variance. Nutrient intakes given in this table are from foodstuffs only and do not include nutrients taken in the form of supplements. 
Nutrient intakes from supplements are provided in Table 3.

https://doi.org/10.1080/07853890.2023.2269969
https://doi.org/10.1080/07853890.2023.2269969
https://doi.org/10.1080/07853890.2023.2269969
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Table 3. S upplementation characteristics of study participants by dietary group.
Omnivores (n = 40) Lacto-Ovo-Vegetarians (n = 37) Vegans (n = 38) p-value

Supplement intake .561a

  Yes n = 31 (77.5%) n = 30 (81.08%) n = 33 (86.84%)
 N o n = 9 (22.5%) n = 7 (18.92%) n = 5 (13.16%)
Multivitamin supplement intake .045a

  Yes n = 9 (22.5%) n = 10 (27.03%) n = 18 (47.37%)
 N o n = 31 (77.5%) n = 27 (72.97%) n = 20 (52.63%)
Vitamin B 12 supplement intake <.001a

  Yes n = 11 (27.5%) n = 19 (51.35%) n = 34 (89.47%)
 N o n = 29 (72.5%) n = 18 (48.65%) n = 4 (10.53%)
 D osage (μg) 25 (335.5) 400 (977.5) 250 (980) .136b

 F requency (day/year) 180 (287) 40 (144) 365 (209) .001b

Vitamin D supplement intake .561a

  Yes n = 25 (62.5%) n = 20 (54.05%) n = 25 (65.79%)
 N o n = 15 (37.5%) n = 17 (45.95%) n = 13 (34.21%)
 D osage (IU) 1000 (4600) 2350 (2200) 2000 (4000) .753b

 F requency (day/year) 156 (313) 90 (335) 365 (235) .083b

Iron supplement intake .033a

  Yes n = 8 (20%) n = 11 (29.73%) n = 18 (47.37%)
 N o n = 32 (80%) n = 26 (70.27%) n = 20 (52.63%)
 D osage (mg) 22.5 (39) 36.8 (86) 11.75 (14) .263b

 F requency (day/year) 302.5 (208.5) 84 (128) 365 (317) .091b

Iodine supplement intake .034a

  Yes n = 5 (12.5%) n = 4 (10.81%) n = 12 (31.58%)
 N o n = 35 (87.5%) n = 33 (89.19%) n = 26 (68.42%)
 D osage (μg) 75 (50) 70 (92.5) 150 (29.5) .074b

 F requency (day/year) 180 (84) 242.5 (291) 365 (0) .016b

Calcium supplement intake .002a

  Yes n = 3 (7.5%) n = 2 (5.41%) n = 12 (31.58%)
 N o n = 37 (92.5%) n = 35 (94.59%) n = 26 (68.42%)
 D osage (mg) 200 (210) 100 (0) 200 (300) .385b

 F requency (day/year) 240 (182) 196.5 (337) 365 (91) .651b

Eicosapentaenoic acid supplement 
intake

.016a

  Yes n = 5 (12.5%) n = 3 (8.11%) n = 12 (31.58%)
 N o n = 35 (87.5%) n = 34 (91.89%) n = 26 (68.42%)
 D osage (mg) 220 (144) 225 (320) 217.5 (366.5) .815b

 F requency (day/year) 156 (53) 365 (209) 365 (52.5) .082b

Docosahexaenoic acid acid supplement 
intake

.052a

  Yes n = 6 (15%) n = 4 (10.81%) n = 12 (31.58%)
 N o n = 34 (85%) n = 33 (89.19%) n = 26 (68.42%)
 D osage (mg) 185 (330) 185 (330) 354 (560) .227b

 F requency (day/year) 143 (79) 260.5 (227) 365 (52.5) .051b

Zinc supplement intake .106a

  Yes n = 16 (40%) n = 7 (18.92%) n = 14 (36.84%)
 N o n = 24 (60%) n = 30 (81.08%) n = 24 (63.16%)
 D osage (mg) 10 (10) 10 (5) 10 (3.14) .498b

 F requency (day/year) 168 (329) 156 (335) 365 (182) .065b

Magnesium supplement intake .210a

  Yes n = 16 (40%) n = 8 (21.62%) n = 11 (28.95%)
 N o n = 24 (60%) n = 29 (78.38%) n = 27 (71.02%)
 D osage (mg) 300 (220) 309.5 (296.7) 142 (178.5) .252b

 F requency (day/year) 168 (309) 142 (259.5) 365 (268) .534b

Selenium supplement intake .003a

  Yes n = 3 (7.5%) n = 4 (10.81%) n = 13 (34.21%)
 N o n = 37 (92.5%) n = 33 (89.19%) n = 25 (65.79%)
 D osage (μg) 25 (10) 55 (82.5) 55 (0) .021b

 F requency (day/year) 240 (185) 92 (240.5) 365 (0) .105b

Vitamin C supplement intake .077a

  Yes n = 14 (35%) n = 5 (13.51%) n = 8 (21.05%)
 N o n = 26 (65%) n = 32 (86.49%) n = 30 (78.95%)
 D osage (mg) 140 (260) 250 (125) 80 (100.23) .493b

 F requency (day/year) 302.5 (209) 365 (0) 286.5 (261) .545b

Folic acid supplement intake .055a

  Yes n = 8 (20%) n = 8 (21.62%) n = 16 (42.11%)
 N o n = 32 (80%) n = 29 (78.38%) n = 22 (57.89%)
 D osage (μg) 250 (200) 300 (343.75) 350 (200) .847b

 F requency (day/year) 302.5 (210) 247.5 (291) 365 (169.5) 0.531b

Vitamin B1 supplement intake .449a

  Yes n = 6 (15%) n = 7 (18.92%) n = 10 (26.32%)
 N o n = 34 (85%) n = 30 (81.08%) n = 28 (73.68%)
 D osage (mg) 1.1 (2.3) 11.25 (25) 1.1 (2.2) .283b

 F requency (day/year) 302.5 (182) 365 (337) 365 (0) .148b

(Continued)
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lacto-ovo-vegetarian group had the highest number of 
individuals that classify as having decreased B12 (cB12 
index −1) with a recommendation to start supplemen-
tation [36].

The surprising finding of an adequate vitamin B12 
status in most of the vegan participants could be 
explained by the extensive use of vitamin B12 supple-
ments (ca 90% of participants, median daily dosage of 
250 μg, see Table 4). As expected, vegans had the low-
est intake of vitamin B12 from foods (0.43 (0.58) µg/
day) compared to omnivores (2.14 (2.29) µg/day) and 
lacto-ovo-vegetarians (0.98 (1.34) µg/day).

We next examined whether the different dietary 
patterns modified previously described relationships 
between the four biomarkers of vitamin B12 status 
[42]. Plasma vitamin B12 and holo-TC were positively 

correlated independently of dietary pattern (Figure 
5(A)). A negative correlation was identified between 
plasma vitamin B12 or holo-TC and the metabolites 
MMA and Hcy (Figure 5(B–E)). Notably, MMA and vita-
min B12 were not correlated significantly in omnivores.

Discussion

The primary objective of this study was to assess the 
nutritional status of young healthy physically-active 
individuals on long-term omnivore, lacto-ovo-vege-
tarian and vegan diets. Vegetarian and vegan diets 
are associated with several health benefits but also 
bear the risk of nutritional deficiencies if they are 
poorly designed [19]. A systematic review by 
Bakaloudi et  al. showed that vegan diets in particular 

Omnivores (n = 40) Lacto-Ovo-Vegetarians (n = 37) Vegans (n = 38) p-value

Vitamin B2 supplement intake .110a

  Yes n = 5 (12.5%) n = 7 (18.92%) n = 12 (31.58%)
 N o n = 35 (87.5%) n = 30 (81.08%) n = 26 (68.42%)
 D osage (mg) 1.4 (1.1) 11.4 (13.6) 1.4 (0.91) .263b

 F requency (day/year) 365 (125) 365 (337) 365 (0) .278b

Niacin supplement intake .677a

  Yes n = 7 (17.5%) n = 6 (16.22%) n = 9 (23.68%)
 N o n = 33 (82.5%) n = 31 (83.78%) n = 29 (76.32%)
 D osage (mg) 16 (32) 35.5 (29) 16 (0) .406b

 F requency (day/year) 365 (185) 365 (235) 16 (0) .328b

Vitamin B5 supplement intake .417a

  Yes n = 5 (12.5%) n = 6 (16.22%) n = 9 (23.68%)
 N o n = 35 (87.5%) n = 31 (83.78%) n = 29 (76.32%)
 D osage (mg) 6 (2) 18.125 (17) 6 (0) .105b

 F requency (day/year) 365 (125) 274 (235) 365 (0) .177b

Vitamin B6 supplement intake .449a

  Yes n = 6 (15%) n = 7 (18.92%) n = 10 (26.32%)
 N o n = 34 (85%) n = 30 (81.08%) n = 28 (73.68%)
 D osage (mg) 1.4 (3) 10.32 (18.6) 1.4 (2.2) .256b

 F requency (day/year) 302.5 (185) 365 (337) 365 (0) .151b

Biotin supplement intake .604a

  Yes n = 6 (15%) n = 8 (21.62%) n = 9 (23.68%)
 N o n = 34 (85%) n = 29 (78.38%) n = 29 (76.32%)
 D osage (μg) 50 (40) 31 (72.5) 50 (100) .126b

 F requency (day/year) 302.5 (185) 156 (195) 365 (0) .016b

Vitamin K1 supplement intake .186a

  Yes n = 3 (7.5%) n = 1 (2.70%) n = 0 (0%)
 N o n = 37 (92.5%) n = 36 (97.30%) n = 38 (100%)
 D osage (mg) 37.5 (1220) 30 (0) – .346b

 F requency (day/year) 52 (179) 365 (0) – .178b

Vitamin K2 supplement intake .251a

  Yes n = 8 (20%) n = 6 (16.22%) n = 12 (31.58%)
 N o n = 32 (80%) n = 31 (83.78%) n = 26 (68.42%)
 D osage (μg) 200 (85) 154.49 (140) 56.3 (37.5) .005b

 F requency (day/year) 104 (266.5) 260.5 (209) 365 (52.5) .031b

Vitamin E supplement intake .755a

  Yes n = 4 (10%) n = 2 (5.41%) n = 3 (7.89%)
 N o n = 36 (96%) n = 35 (94.59%) n = 35 (92.11%)
 D osage (mg) 9.25 (14.75) 66.6 (73.2) 12 (30.5) .256b

 F requency (day/year) 210 (173.5) 365 (0) 365 (157) .231b

Vitamin A supplement intake .026a

  Yes n = 3 (7.5%) n = 1 (2.70%) n = 8 (21.05%)
 N o n = 37 (92.5%) n = 36 (97.30%) n = 30 (78.95%)
 D osage (mg) 0.668 (0.6) 0.668 (0) 0.45 (0.225) .666b

 F requency (day/year) 180 (287) 365 (0) 365 (0) 0.231b

aBased on Stata’s Chi-Square Test of independence.
bBased on Kruskal–Wallis H test.

Table 3.  Continued.
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may come short in vitamin B12, iodine, selenium and 
zinc [17]. However, high quality studies of vegan diets 
are rare, and only a few studies were not confined to 
analyses of nutritional protocols but also included 
laboratory measurements [15,16,43].

Since the plant-based community is adopting supple-
mentation as part of a well-planned diet, with increasing 
consideration of the importance of vitamin B12 [14,15], new 
studies are warranted to get insights into the current nutri-
tional status and adequacy of vegetarian and vegan diets.

Table 4. L aboratory measurements by dietary group.

Omnivores (n = 40)
Lacto-Ovo-Vegetarians 

(n = 37) Vegans (n = 38)

White blood cell count (1000 cells/μL) 5.91 (2.07)c 5.16 (2.03)d 4.97 (1.63)e 0.258a

Platelet count (1000 cells/μL) 243 (74)c 230 (47)d 211 (73)e 0.070a

Red blood cell count (million cells/μL) 4.64 ± 0.36c 4.5 ± 0.05d 4.50 ± 0.46e 0.414b

Hemoglobin (g/dl) 13.71 ± 1.13c 13.46 ± 1.48d 13.51 ± 1.49e 0.726b

Hematocrit (%) 40.79 ± 3.11c 40.02 ± 3.66d 40.22 ± 3.76e 0.639b

Mean corpuscular volume (fL) 88.00 ± 3.17c 88.19 ± 3.60d 88.93 ± 4.48e 0.551b

Mean corpuscular hemoglobin (pg) 29.65 (2)c 29.6 (1.7)d 29.9 (2)e 0.066a

Mean corpuscular hemoglobin concentration 
(g/dl)

33.65 ± 0.86c 33.59 ± 1.14d 33.56 ± 1.17e 0.939b

Red cell distribution width 12.45 (0.7)c 12.6 (0.95)d 12.6 (0.7)e 0.499a

Neutrophil count (1000 cells/μL) 3.2 (1.78)c 2.75 (1.56)d 2.74 (1.38)e 0.637a

Lymphocyte count (1000 cells/μL) 1.83 (0.49)c 1.74 (0.57)d 1.53 (0.52)e 0.018a

Monocyte count (1000 cells/μL) 0.50 (0.13)c 0.48 (0.17)d 0.44 (0.11)e 0.052a

Eosinophils count (1000 cells/μL) 0.12 (0.11)c 0.12 (0.11)d 0.11 (0.08)e 0.788a

Basophils count (1000 cells/μL) 0.05 (0.02)c 0.04 (0.02)d 0.04 (0.02)e 0.257a

HbA1c (%) 5.25 ± 0.29f 5.20 ± 0.28e 5.07 ± 0.32e 0.017b

Vitamin B12 (pg/ml) 377 (225)g 310 (190)e 404.5 (195)f 0.023a

Holotranscobalamin 2 (pmol/l) 71.5 (63.6)g,h 40.1 (52.6)e,h 74 (87.2)f,h 0.001a

Folic acid (ng/ml) 9.1 (7.3)g,i 8.6 (5.9)e 10.85 (6.5)f 0.138a

Vitamin A (μg/l) 620 (250)g 560 (200)e 570 (190)d 0.546a

Vitamin B1 (μg/l) 56 (12)g,j 57 (14)e 57.5 (11)f 0.528a

Vitamin B2 (μg/l) 181 (35)g 184 (46)e 173.5 (29)f 0.637a

Vitamin B6 (μg/l) 34 (17)g,j 31 (14)e 35 (21)f 0.631a

Vitamin D (ng/ml) 27.00 ± 8.49e 29.46 ± 12.00e 33.38 ± 19.28f 0.144b

Vitamin E (μg/l) 16.44 ± 5.29g 13.75 ± 4.69e 13.89 ± 3.85f 0.020b

Vitamin K1 (μg/l) 0.43 (0.58)g 0.59 (0.61)e 0.64 (0.78)f 0.077a

Vitamin K2 (Menachinon-4, μg/l) 0.29 (0.11)g 0.28 (0.13)e 0.275 (0.08)f 0.792a

Vitamin K2 (Menachinon-7, μg/l) 0.26 (0.23)g,k 0.2 (0.15)e 0.36 (0.27)f 0.012a

Niacin (μg/l) 31 (8.6)e 29.2 (11.2)e 31.85 (9.1)f 0.705a

Albumin (g/dl) 4.74 ± 0.24e 4.78 ± 0.23e 4.80 ± 0.28f 0.646b

Blood urea nitrogen (mg/dl) 25 (6)e 22 (8)e 21 (9)f 0.015a

Cystatine C (mg/l) 0.84 (0.08)e 0.84 (0.11)e 0.87 (0.16)f 0.664a

Creatinine (mg/dl) 0.78 (0.17)e 0.73 (0.15)e 0.75 (0.17)f 0.036a

Iron (μg/dl) 63.95 ± 27.71e 62.76 ± 25.71e 71.66 ± 28.22f 0.309b

Ferritin (ng/ml) 42 (47)e 31 (52)e 35.5 (44)f 0.563a

Transferrin (mg/dl) 246 (42)e 262 (50)e 259.5 (56)f 0.625a

Transferring saturation (%) 18.11 ± 8.40e 17.57 ± 7.91e 19.63 ± 7.94f 0.519b

TSH (Thyroid-stimulating hormone; μU/ml) 2.1 (1.12)e 2.16 (1.01)e 2.07 (1.43)f 0.952a

Triiodothyronine (free T3; pmol/l) 4.86 ± 0.67e 4.57 ± 0.53e 4.72 ± 0.59f 0.130b

Thyroxine (free T4; pmol/l) 16.07 ± 2.40e 15.39 ± 1.98e 15.88 ± 2.27f 0.406b

Parathyroid hormone (pg/ml) 37 (15)e 37 (14)e 38 (15)f 0.093a

Glutamic oxaloacetic transaminase (U/l) 24 (7)e 22 (5)e 21 (6)f 0.361a

Glutamic-pyruvate-transaminase (U/l) 21 (12)e 18 (7)e 17.5 (9)f 0.011a

High-density lipoprotein (mg/dl) 54 (22)e 58 (16)e 55 (19)f 0.315a

Low-density lipoprotein (mg/dl) 106 (40)e 89 (37)e 79 (32)f 0.001a

Triglycerides (mg/dl) 82 (31)e 70 (34) 76 (35) 0.308a

High sensitive C-reactive protein (mg/l) 0.6 (1.7)e,k 0.4 (0.6)e,k 0.5 (0.7)f,k 0.093a

Selenium (μg/l) 90 (17)l 78 (18)l 75 (30)m 0.007a

Uric acid (mg/dl) 4.3 (1.3)e 4 (1)e 4.95 (1.3)f 0.005a

Normally distributed data is shown with its mean ± standard deviation; not normally distributed data is shown with its median and IQR in parenthesis.
aBased on Kruskal-Wallis H test.
bBased on analysis of variance.
cBased on n = 34 observations.
dBased on n = 36 observations.
eBased on n = 37 observations.
fBased on n = 38 observations.
gBased on n = 39 observations.
hValues >128 pmol/l which exceeded the reference range and which were no longer measurable were entered as 128 pmol/l into the analysis.
iValues >40 ng/ml which exceeded the reference range and which were no longer measurable were entered as 40 ng/ml into the analysis.
jValues >100 μg/ml which exceeded the reference range and which were no longer measurable were entered as 100 μg/ml into the analysis.
kValues <0,1 mg/l which exceeded the reference range and which were no longer measurable were entered as 0,1 mg/l into the analysis.
lBased on n = 34 observations.
mBased on n = 34 observations.
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Combining clinical data with laboratory measure-
ments, food diary analyses and meticulous supple-
mentation assessment, we assessed the nutritional 
status of 115 healthy individuals in Freiburg, Southern 
Germany. The population under study was selected to 
be composed of young, non-smoking adults, thus 
excluding age-related malabsorption as a confounder 
in the analysis of vitamin B12 status [37].

A vegan diet lowers lymphocyte count and 
increases plasma uric acid

Vegan participants in this study exhibited a lower 
lymphocyte count compared to ovo-lacto-vegetarians 
and omnivores. These findings are in line with with 
prior studies by others [44–47]. A greater intake of 
vegetables (but not fruits) was associated with a 
lower leukocyte count in 986 healthy individuals from 
the PREDICT-1 nutritional intervention study [48]. The 
gut microbiome contributed 20% of the effect of 

vegetable intake on leukocyte count [48]. Plasma uric 
acid levels were highest in vegans, followed by omni-
vores and lacto-ovo-vegetarians, a rank-order that 
agrees with findings from a larger cross-sectional 
study [49]. Greater plasma uric acid in vegans has 
been attributed to the lack of dairy product intake, 
which is thought to lower uric acid [50], and to 
the  lower calcium content of the vegan diet, which 
contributes to higher systemic uric acid 
concentration[49].

Nutrient intakes denoting health-promoting and 
health-demoting effects

Nutrient intakes differed substantially between diets. 
Amongst factors regarded as health-promoting 
[17,51–54], the vegan followed by the vegetarian 
diet provided the greatest intakes of fiber, vitamins 
C, E, B6, and B9 (folate), and the lowest intakes of 
cholesterol and saturated fatty acids. In terms of 
health-demoting factors [17,25,51–53], the vegan 
diet provided the lowest intakes of vitamins A, B3 
(niacin), B12, and iodine. This suggests a persisting 
need to monitor nutrient intake in vegans, and pro-
vides an opportunity to optimize vegan diet plan-
ning with the inclusion of fortified foods and 
supplements.

Figure 2.  Multivariate analysis of laboratory biomarkers of health. (A) Main contributing biomarkers to the variance of the first 
principal component resulting from the PPCA analysis. The analysis retrieved biomarkers of vitamin B12 status (vitamin B12, 
holoTC, Hcy), iron (iron, ferritin, transferrin) and lipid metabolism (vitamin A, HDL, LDL, total cholesterol, TAG) as most contributors 
to the separation across dietary types. (B) Nonmetric dimension scaling analysis (NMDS). each point represents the laboratory 
biomarker profile of each individual (dots) in 3-dimensions separated in six plots (NMDS2 versus NMDS1, NMDS3 versus NMDS1 
and NMSD3 versus NMDS2). points closer to each other represent more similar biomarker profiles, and points away from each 
other represent more different biomarker profiles. Squares represent the centroid across individuals with the same diet (average 
across individuals for each dimension).

Table 5.  Results of PERMANOVA analysis.

Effect F p-value
Levels of 

diet
p-value (FDR 

adj.)

Diet 22.693 .010 OMN vs LOV 0.036
Sex 32.046 .006 OMN vs VEG 0.153
Diet x Sex 0.9540 .446 LOV vs VEG 0.034
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Figure 3.  Biomarkers of vitamin B12 status. (A) Plasma vitamin B12. (B) Plasma holoTC. (C) Plasma MMA. (D) Plasma Hcy. Dark 
red shadowing denotes values below or above reference ranges indicative of vitamin B12 deficiency. Light red shadowing depicts 
values that classify as low vitamin B12 or subclinical vitamin B12 deficiency. p values were adjusted for multiple comparisons 
using the holm method. The reference ranges utilized in this study were as follows: Hcy: 5–15 µM; MMA: <0.260 µM; holoTC: 
<35 pM, and vitamin B12: <149 pM deficiency; 149–250 pM subclinical deficiency; and >250 pM normal.

Figure 4. C ombined vitamin B12 index (cB12). The status of vitamin B12 was assessed using the four-biomarker cB12 index, with 
adjustment for age and plasma folate concentration, as described in the studies by Fedosov et  al. [36]. The area shadowed with 
light red corresponds to a status of low vitamin B12 wherein the initiation of supplementation has been recommended [36]. In 
this study, lacto-ovo-vegetarians followed by the vegan group possessed the greatest number of individuals with low vitamin B12.
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Laboratory biomarkers in plasma identify distinct 
metabolic compartments between diets

Based on the observation of statistically significant dif-
ferences in nutrient intakes, we set out to examine the 
impact of such differences on discrete markers of 
health that are measured routinely in plasma. In the 
context of having selected comparably young, healthy 
and physically active individuals to represent each 
dietary type, we examined whether the source of 
nutrients, namely, animal-based versus plant-based, 
had a detectable impact on well-established 
health-monitoring biomarkers available in routine 
diagnostic laboratories. Results from multivariate anal-
ysis revealed that three major classes of biomarkers 
contributed the most to the clustering of individuals 
by dietary group, namely, biomarkers of vitamin B12 
status (vitamin B12, holoTC, Hcy), iron (iron, ferritin, 
transferrin) and lipid metabolism (vitamin A, HDL, LDL, 
total cholesterol, TAG). This suggests that nutrients 
that modify the metabolic pathways represented by 
these biomarkers have the most penetrating effect on 
health status across diets.

Noteworthy, all dietary groups had intakes of vitamin 
A below the recommended daily allowance. The use of 

oral supplements corrected for this lack, leading to ade-
quate plasma vitamin A levels in all participants across 
diets. Importantly, relationships between vitamin B12 and 
markers of lipid [55,56] and iron metabolism [57] have 
been described in independent studies. The molecular 
mechanisms underlying these associations remains to be 
investigated. Considering that vegan and vegetarian diets 
exhibited the most optimal nutrient intakes related to 
lipid and iron metabolism, vitamin B12 deficiency remains 
a major vulnerability in plant-based diets. This study also 
revealed vitamin A intakes were below the recommended 
DACH guidelines in all diets, and more prominently so in 
vegans. This was not reflected in the plasma levels of 
vitamin A, likely due to the use of multivitamin and vita-
min A supplements by participants in all diets (Table 4).

The use of oral supplements enables an adequate 
vitamin B12 status in vegans

The vegetarian group had the greatest fraction of par-
ticipants with suboptimal vitamin B12 status. Omnivores 
and vegans had a comparable vitamin B12 status, 
which was primarily sustained by dietary intake in 
omnivores and by the use of supplements in vegans. 

Figure 5. C orrelation of biomarkers of vitamin B12 status. (A) Plasma vitamin B12 and holo-TC were positively correlated inde-
pendently of dietary pattern. (B) Correlation between MMA and plasma vitamin B12. (C) Correlation between Hcy and plasma 
vitamin B12. (D) Correlation between MMA and plasma holoTC. (E) Correlation between Hcy and plasma holoTC. A negative cor-
relation was identified between plasma vitamin B12 or holo-TC and the metabolites MMA and Hcy (panels B–E). MMA and vitamin 
B12 were negatively correlated in plant-based diets but not in omnivores. Light blue shadowing around the regression line: 
confidence interval. R2: coefficient of determination; p: p-value.
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Noteworthy, even in the omnivorous group, which had 
the highest vitamin B12 intake from foods, many indi-
viduals failed to meet the current intake recommenda-
tions [58]. It is conceivable that vitamin B12 content in 
present day foods of animal origin is lower than previ-
ously estimated. Evidence of a lower B12 content in 
foods of animal origin is in line with the increasing 
needs to supplement live-stock with vitamin B12 and 
other micronutrients [59–61].

Of the four biomarkers of vitamin B12 status, holoTC 
and B12 were most strongly correlated, whereas MMA 
and Hcy appeared less sensitive to differences in vita-
min B12 status across diets. This result alongside find-
ings from a prior study showing a fast response of 
holoTC to reduced intake of vitamin B12 in individuals 
transitioning from an omnivore to an unsupplemented 
vegan diet [62], suggest that holoTC may be the most 
sensitive biomarker to monitor vitamin B12 status in 
healthy individuals who follow plant-based diets.

When considering dietary intake and use of supple-
ments together, vegetarians had the lowest overall 
consumption of vitamin B12. This suggests that the 
sourcing of nutrients, i.e. animal- or plant-based, has 
no overt effect on vitamin B12 assimilation. The 
cB12-index confirmed an adequate and well supple-
mented B12 status in vegans, in line with studies by 
Alexy et  al. and Weikert et  al. [14,15].

The tendency toward a greater use of oral vitamin 
B12 supplements in vegans has been also noted in 
studies with pediatric and adolescent populations 
[63,64] and in a recent survey in Slovak and Czech 
vegans [65]. Prior suggestions for B12 intake range 
from 50 µg/d to 2000 µg/week [66], while our results 
point at an intake of 250 µg B12/day.

Results from the present study substantiate the rec-
ommendation that healthy individuals on plant-based 
diets can secure an adequate vitamin B12 supply with 
over-the-counter oral supplements [25]. Furthermore, 
the presence of so-called anti-nutrients in plant-based 
diets [67], which are particularly enriched in vegan 
diets, did not seem to interfere with the absorption 
and utilization of vitamin B12 taken up as supple-
ments. The poorer vitamin B12 status identified in 
lacto-ovo-vegetarians could be attributed to an exces-
sive reliance on dairy and eggs as a source of vitamin 
B12, which warrants further investigation. Despite its 
importance, there is a lack of international consensus 
on the dose and frequency of vitamin B12 supplemen-
tation required to support B12 status adequacy in 
healthy adults on plant-based diets. Prior estimates 
include a daily intake of 50–100 µg/day B12 or 2000 µg 
per week B12 divided into two doses for healthy veg-
etarian adults [66,68], a daily dose of 50 µg sublingual 

B12 for vegans and vegetarians with marginally low 
plasma B12 [69], a daily intake of 50–150 µg B12 for 
healthy asymptomatic individuals without malabsorp-
tion (no diet specified) [70], or a daily dose of 500 µg/
day B12 to treat individuals with vitamin B12 in the 
low normal range (no diet specified) [42]. Based on 
the joint consideration of intake, supplement use and 
plasma biomarkers of B12 status, results from our 
study suggest that an intake of 250 µg/day B12 sup-
ports an adequate status of the micronutrient in indi-
viduals on plant-based diets.

Strengths and limitations

We used four-day weighed food diaries, which do not 
rely on individual memory and recall as foods are 
recorded at the point of consumption. This method has 
previously been employed successfully in a study by 
Kristensen et  al. and is considered the gold standard for 
reliable dietary assessments [27]. Supplement intake 
was meticulously assessed, screening each supplement 
individually and recording supplement name, content, 
dosage and frequency. The study cohort itself was 
homogeneously healthy, regardless of diet type and 
due to the rigorously employed in- and exclusion crite-
ria, potential confounders were addressed. Almost 94% 
of participants were younger than 50 years, which 
excludes age-related malabsorption as a major con-
founder in our analysis of vitamin B12 status [37]. This 
study assessed healthy young adult health-conscious 
participants, hence, the conclusions that emerge from 
this work are not directly transferable to other age 
groups and special physiological conditions, such as 
neonates, infants, the elderly, pregnant women, and 
individuals with acquired or inherited disorders that 
impair the absorption of vitamin B12. Our cohort had a 
predominance of female participants in all dietary 
groups, which prevented the analysis of sex-specific 
effects. We acknowledge the moderate sample size that 
did not allow further analyses stratified by subgroups, 
as has been done for at least some parameters in other 
cross-sectional studies [24]. The cross-sectional nature of 
this study bears inherent limitations and does not allow 
for causal interferences.

Conclusion

This study revealed that even amongst homogeneously 
healthy, highly educated and physically active young 
Germans, omnivore, lacto-ovo-vegetarian and vegan 
diets result in measurable differences in dietary intakes 
and laboratory biomarkers of health. Plant-based diets, 
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in particular the vegan diet, exhibited more favorable 
patterns of lipid metabolism and glycemic control. Our 
univariate and multivariate analyses showed that the 
risk of vitamin B12 deficiency is a major vulnerability 
in plant-based diets; however, this could be overcome 
with the use of oral over-the-counter supplements. 
The detailed examination of supplement use and 
blood biomarkers provided a first estimation that 
250 µg/d oral vitamin B12 taken over the course of 
2 years, supports adequate vitamin B12 status in 
healthy individuals adhering to plant-based diets. The 
significant lower use of vitamin B12 supplements in 
lacto-ovo-vegetarians suggests an excessive reliance 
on dairy and eggs as source of this micronutrient.

Areas for further research

While results from the combined assessment of dietary 
intake, laboratory biomarkers and supplement use 
showed that healthy vegans can achieve an adequate 
vitamin B12 status via the inclusion of oral supplements, 
the dose and frequency of vitamin B12 needed to sup-
plement the broad spectrum of plant-based diets remains 
to be determined. This is particularly important for 
women of child-bearing age, including those following 
omnivore diets. A previous study showed that regardless 
of diet, 85% of lactating women categorized as having 
low breastmilk vitamin B12 had been taken B12 supple-
ments at doses above the recommended daily allowance 
[71]. As also suggested in an interventional study [72], 
the recommended daily allowance for vitamin B12 may 
be currently too low in the general young healthy popu-
lation, and more so during periods of higher metabolic 
demand or reduced absorption, as is the case of preg-
nancy and lactation, and advanced age, respectively.
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